This paper proposes a mathematical model for online prediction of the hematocrit-and temperature-based normal blood viscosity during cardiopulmonary bypass (CPB). Clinical trials were performed using a previously developed continuous blood viscosity monitoring system, and continuous pressure-and flow-based instantaneous viscosity (η e ) data were collected from 40 patients subjected to mild to moderate hypothermic CPB. The hematocrit and blood temperature data corresponding to η e were also acquired. It was found that the blood viscosity−temperature curves for the different hematocrit levels can be well fitted using linear models, with the parameters of the linear model (slopes and intersects) also exhibiting linear relationships with the hematocrit. Based on these relationships, we were able to predict the hematocrit-and temperature-based normal viscosity (η 0 ). To test the prediction accuracy, η 0 was compared with η e using the leave-one-out cross-validation procedure. Furthermore, η 0 and the offlinemeasured viscosity (η), determined using a conventional viscometer, were compared for 20 patients subjected to mildly hypothermic CPB. η 0 and η e -two online blood viscosity monitoring methods based on different principles-showed good agreement (R 2 = 0.74 and p < 0.0001). Moreover, η 0 and η also showed good agreement (R 2 = 0.69 and p < 0.0001). The proposed model is suitable for online prediction of the hematocrit-and temperature-based normal blood viscosity during CPB. The proposed model can function as the core of a future application for investigating the effects of blood viscosity during clinical perfusion management and facilitate detailed online blood viscosity studies.
I. INTRODUCTION
Cardiopulmonary bypass (CPB) is a method for completely substituting the cardiorespiratory function during cardiac surgery to ensure a bloodless and motionless operating field. The blood drained from the right atrium bypasses pulmonary circulation, and is perfused for systemic circulation from the aorta after gas exchange with an oxygenator. The pump flow rate and perfusion pressure are the indices used The associate editor coordinating the review of this manuscript and approving it for publication was Emil Jovanov. conventionally to ensure the appropriate supply of oxygen to the living body [1] . While the flow rate can be determined arbitrarily using a blood pump, the perfusion pressure depends on the blood flow and blood viscosity, which depend on the vascular resistance [2] . The blood viscosity during CPB is directly determined by the nonphysiologically controlled hematocrit and temperature [2] , and variations in the blood viscosity because of this relationship are normal. Specifically, a decrease in the blood temperature from the normal temperature to 22 • C increases the blood viscosity by approximately 50−300% [3] . On the other hand, the effect VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ on the blood viscosity is smaller in the 25−37 • C range [4] . During CPB, the body temperature is generally reduced to approximately 25−32 • C to protect the organs by decreasing the oxygen consumption [5] . Conventionally, hemodilution is performed to counter the resulting increase in the blood viscosity because of hypothermia and to maintain the blood flow [6] , [7] . Although the acceptable level of hemodilution remains a matter of debate, several studies support the claim that a low hematocrit level can cause neuropathy and renal failure [8] - [12] . However, it remains to be clarified how increases in the blood viscosity due to hypothermia and a high hematocrit level are related to postoperative neurological complications with a decrease in microcirculation. Previous epidemiologic studies have reported that blood hyperviscosity increases the risk of cerebral vessel and cardiovascular events [13] - [15] . Although the hematocrit, plasma viscosity, and erythrocyte sedimentation rate, which are the determinants of blood viscosity, reportedly exhibit independent risks with respect to cardiovascular events, the underlying mechanisms by which these rheological factors act remain uncertain [16] . In addition, the risk associated with changes in the temperature has not yet been clarified because the subjects in the above-mentioned studies had been kept in a state of normothermia, and the blood viscosity at the normal temperature is at the minimum.
Furthermore, CPB can lead to abnormal increases in the blood viscosity independent of the effects of the hematocrit and temperature. Blood is a nonNewtonian fluid with the characteristics of pseudoplastic fluids in that the apparent blood viscosity decreases because of the deformation of the red blood cells (RBCs) during microcirculation [17] . Hence, it is necessary to investigate the hemorheological characteristics that result in an increase in the blood viscosity during microcirculation when the RBC deformability is reduced [18] . When blood is exposed to mechanical stress, hypothermia, and plasma dilution, the shape of the RBCs changes [19] , [20] . This may also affect RBC deformability during CPB [21] . It is also known that the decreases observed in the deformability of stored erythrocytes are related to the storage duration [22] . Moreover, patients who undergo transfusion with stored RBCs older than 7 days may exhibit an increase in flow resistance during microcirculation [23] , [24] . In addition, the reduction in the RBC deformability further decreases tissue perfusion owing to hypothermia [25] . Therefore, it is important to comprehensively investigate the effects of blood viscosity in patients undergoing CPB. However, these effects remain unknown because of a lack of suitable technologies that can help determine the causes of the variations in viscosity.
We previously developed a continuous blood viscosity monitoring system based on the pressure−flow characteristics of the oxygenator. Moreover, we demonstrated that the viscosity measured using the system is in good agreement with that measured using a conventional torsional oscillation viscometer [26] , [27] . However, because the developed system estimates the blood viscosity based on physical variables, it remains unclear whether the variations in the viscosity are related to the hematocrit and temperature, or to other factors. In the present paper, by quantifying the physiological relationships between the blood viscosity and the hematocrit and temperature, we show that the blood viscosity in the normal state can be expressed as a function of these two variables. Further, we model the dependence of the blood viscosity variations during CPB with respect to the hematocrit and blood temperature to predict the normal blood viscosity in real time.
II. METHODS
This section describes the experimental procedures for deriving the online blood viscosity prediction model and for evaluating the model. The abovementioned continuous blood viscosity monitoring system [27] was used in a clinical setting to obtain online blood viscosity, hematocrit, and blood temperature data. The normal viscosity (η 0 ) predicted using the proposed model based on the temperature and hematocrit was compared with the instantaneous viscosity (η e ) estimated using the system based on the pressure and flow. Subsequently, η 0 was compared with the viscosity (η) measured offline using a torsional oscillation viscometer. All the tests performed on the human participants were in keeping with the principles of the Declaration of Helsinki. In addition, all the procedures used in this study were approved by the Ethical Committee of Hiroshima University (1172). Finally, all the data shown are presented as the mean ± standard deviation. Statistical analysis was performed using the software XLSTAT (Addinsoft Inc., Paris, France) and MATLAB (The MathWorks, Inc., Massachusetts, USA). The analyses performed included the t-test, chi-square test, histogram analysis, regression analysis, and Bland-Altman plotting. Statistical significance was assumed when p < 0.05.
A. MEASUREMENT SYSTEM
The oxygenator (CAPIOX-FX15; Terumo Cardiovascular Systems Corp., Tokyo, Japan), a venous reservoir (CX-RR40; Terumo Cardiovascular Systems Corp.), and a centrifugal pump (MP-23; Senko Medical Instrument Mfg. Co., Ltd., Tokyo, Japan) were connected using 3/8-inch polyvinyl chloride tubing to form a standard open circuit. These components comprised the clinical system, as shown in Fig. 1 . The oxygenator's purge line was closed during CPB, in keeping with the recommendation of the manufacturer of the FX15 oxygenator. A three-way stopcock was attached to the inlet tube and the oxygenator outlet, and the pressure was measured at the stopcock using a transducer (DTCL03; Argon Medical Devices Japan, Inc., Tokyo, Japan). An ultrasonic blood flowmeter (Transonic R XL; Transonic Systems, Inc., NY, USA) was installed on the tube exiting the oxygenator. A heat exchanger was connected to the oxygenator, and the temperature was measured at the oxygenator outlet. The in-out pressures, flow, and temperature of the oxygenator were displayed on a heart lung machine (HLM) (HAS-2; Senko Medical Instrument Mfg. Co. Ltd.). To perform selective cerebral perfusion (SCP), two cerebral perfusion lines were branched after the ultrasonic flowmeter in the main circuit and mounted onto roller pumps. The inlet pressure (P in (τ )), outlet pressure (P out (τ )), blood flow (Q(τ )), and blood temperature (T (τ )) of the oxygenator were output to the continuous blood viscosity monitoring system though the Universal Serial Bus (USB) port of the HLM; the sampling time, τ , used was 0.5 s.
In addition, a blood parameter monitoring system (CDI-500; Terumo Cardiovascular Systems Corp.) was used for the continuous measurement of the hematocrit [28] . A cuvette for measuring the hematocrit was installed on the venous line; this ensured accurate measurements with a minimum flow rate of 0.5 L/min. The initial calibration was performed using hematocrit values measured with a hematology analyzer (MEK-6500; Nihon Kohden Co., Ltd., Tokyo, Japan) immediately after establishing a total CPB. Moreover, calibration was repeated after approximately every 30 min. The hematocrit data obtained using the CDI-500 system were sent to a personal computer every 6.0 s via a USB converter using an RS232C port.
In this study, the blood viscosities, η e and η 0 , were determined from the data obtained with the systems described above using two different models; namely, the pressureand flow-based viscosity model, and the hematocrit-and temperature-based viscosity model.
B. PRESSURE-AND FLOW-BASED VISCOCITY MODEL FOR CONTINUOUS BLOOD VISCOSITY MONITORING
This section describes the pressure-and flow-based blood viscosity model as well as the viscosity estimation method that we have previously proposed [27] . The following equation describes the pressure-and flow-based blood viscosity model:
Here, the human blood resistance parameters are set to C a = −0.099, C b = 1.8024, C f = −4.2659, and C r = 6.7443 for the FX15 oxygenator. It should be noted that a set of parameters specific to a given oxygenator and fluid can be used to estimate the viscosity from the pressure and flow data obtained from the oxygenator regardless of the type of CPB system used (i.e., one with open-type or closetype circuits or roller and centrifugal pumps). Using the data for N samples obtained within the time window, with width τ − (N − 1) τ and τ , the pressure-and flow-based instantaneous viscosity, η e (τ ), can be estimated by minimizing the following evaluation function:
where P(τ − i τ ) and Q(τ − i τ ) are the pressure gradient (P in − P out ) and blood flow of the oxygenator measured at sampling time i before the present sampling time, τ . In this study, the window width was set to 4 s (N = 8), and the η e (τ ) values, which were estimated every τ = 0.5 s, were saved in a comma-separated values file.
To guarantee the accuracy of the estimated viscosity values, we defined a reliability index ε(τ ), which is given by (3):
where P (τ − i τ ) is the estimated pressure gradient of the oxygenator as determined by substituting η e (τ − i τ ) in (1).
Here, a ε(τ ) value of 1.00 indicates that the estimated values were accurate, whereas ε(τ ) < 0.99 implies the presence of instantaneous noise in the pressure measurements during CPB (i.e., owing to aortic cross-clamping and blood drainage failure). Hereafter, we do not consider the time dependency and denote η e (τ ) as η e to simplify the denotation. Thus, η e is called the pressure-and flow-based instantaneous viscosity.
C. PROPOSED HEMATOCRIT-AND TEMPERTURE-BASED VISCOSITY MODEL
This section describes the proposed temperature-and hematocrit-based viscosity model for investigating the effects of blood temperature and hematocrit on blood viscosity.
To begin with, we assumed that there exists a linear relationship between blood viscosity, η 0 , and temperature, T , which is given by the following equation:
Next, we assumed that the hematocrit, Ht, linearly changes parameters A and B, as described by the following equations: 
Finally, by substituting (5) and (6) into (4), we obtained (7):
Assuming that blood viscosity is normal, that is, there is no RBC deformation or aggregation, the four parameters a, b, c, and d can be determined by approximating η e using the leastsquares method. Subsequently, blood viscosity calculated using (7) is the hematocrit-and temperature-based predicted normal viscosity, η 0 . Of the 40 patients, one experienced myocardial infarction and two experienced cerebral infarction events post operation. For each patient, the CPB circuit, including the FX15 oxygenator and measurement systems described in Section II-A, was used. The priming solution consisted of 500mL acetic acid Ringer solution (BICARBON; AY pharmaceuticals Inc., Tokyo, Japan), 500 mL blood plasma expander (VOLUVEN 6% solution for infusion; Fresenius Kabi Japan Inc., Tokyo, Japan), and 300 mL 20% mannitol (MANNNITOL INJEC-TION; YOSHINDO Inc., Toyama, Japan). Acetic acid Ringer solution or 5% albumin (Albuminar 5%; CSL Behring K.K., Tokyo, Japan) was added if necessary. After median sternotomy and systemic heparinization were performed, complete CPB was established through an arterial cannula in an ascending aorta and bicaval vein cannula and maintained for an activated clotting time greater than 480 s, while ensuring anticoagulation. Three of the patients, who underwent total arch replacement (TAR) under SCP, were perfused with systemic circulation through an 8-mm artificial conduit in the right subclavian artery. During the systemic circulatory arrest for the distal aortic anastomosis, anterograde SCP was applied to the left carotid and left subclavian arteries using the cerebral perfusion lines [29] . With respect to perfusion management, systemic cooling was performed to ensure a target bladder temperature of 34 or 25 • C for TAR during aortic cross-clamping. After establishing the complete extracorporeal circulation, the perfusion pressure was changed to a mean arterial pressure of 50−80 mmHg at a perfusion flow rate of 2.2−2.5 L/min/m 2 . The hematocrit level was controlled by transfusion such that it was never lower than 21 %, whereas RBC concentrates were used in 23 patients (5.5 ± 3.2 units). Myocardial protection was ensured by infusing a cold blood cardioplegic solution at 10 • C every 20 min and performing warm blood hyperkalemic cardioplegia at 37 • C before aortic declamping.
E. ANALYSIS CONFIGURATIONS 1) RELATIONSHIP BETWEEN PRESSURE-AND FLOW-BASED INSTANTANEOUS VISCOSITY, HEMATOCRIT, AND TEMPERATURE
In all the cases, the pressure-and flow-based instantaneous viscosity, η e ; reliability index, ε; and temperature data obtained from the continuous blood viscosity monitoring system and the hematocrit data obtained from the CDI-500 system were recorded from the beginning to the end of the CPB process. The η e and temperature data were synchronized with the hematocrit data based on the time trigger of each system. As the sampling interval for the hematocrit data was 6 s, the sampling interval for the η e and temperature data was also changed to 6 s.
Sample exclusion was performed as defined below. The hematocrit data from the start of the CPB process to the initial calibration of the CDI-500 system and the η e data corresponding to a reliability index, ε, of 0.98 or lower were considered unreliable and were excluded from the analysis. Furthermore, as per the manufacturer's recommendations for the CDI-500 system, the data corresponding to a blood flow rate of 0.5 L/min or lower were excluded from the analysis because of the unstable hematocrit levels in these cases. For example, in the final stage of the weaning of CPB and SCP to a single line, the flow rate in the venous line becomes lower than the blood flow.
The distributions of the hematocrit, blood temperature, and η e over the course of the CPB process were analyzed. Next, multiple linear regression analysis was performed using η e as the dependent variable and the hematocrit and blood temperature as the independent variables. In addition, the event group (n = 3) with postoperative complications was compared with the nonevent group (n = 37) to elucidate the relationship between the postoperative events and blood viscosity.
2) MODELING OF BLOOD VISCOSITY−TEMPERATURE RELATIONSHIP FOR EACH HEMATOCRIT LEVEL
The following data processing was performed to determine the blood viscosity characteristics dependent upon the hematocrit and blood temperature. The data for each hematocrit level (18−33% in intervals of 1%) and blood temperature (22−37 • C in intervals of 0.1 • C) was averaged to a single datapoint for each case. In other words, for the same case, if there were multiple datapoints for the same hematocrit level and blood temperature, the averaged blood viscosity value was used. Using these data, the blood viscosity−temperature relationship for each hematocrit level was modeled using the procedure described in Section II-C. This yielded four parameters for predicting the blood viscosity.
3) COMPARISON OF PRESSURE-AND FLOW-BASED INSTANTANEOUS VISCOSITY AND HEMATOCRIT-AND TEMPERATURE-BASED BLOOD VISCOSITY
The proposed hematocrit-and temperature-based viscosity model was validated using the leave-one-out cross-validation (LOOCV) method. First, the data for 39 of the 40 patients were used as the training data to determine the four parameters (a, b, c, and d in (7)). Subsequently, η 0 was calculated using the test data obtained from the remaining patient by substituting the determined values of the four parameters in (7) . This procedure was repeated 40 times, yielding the η 0 value for 40 patients. Finally, η 0 was plotted as a function of η e . The systematic errors and discrepancy between η 0 and η e were assessed using Bland-Altman analysis.
4) VALIDATION OF PREDICTION ACCURACY
To test the accuracy of predictions of the proposed viscosity, η 0 , we compared η 0 with the viscosity, η, which was measured offline using a torsional oscillation viscometer. The η data used were taken from our previous report [27] . Moreover, η 0 was also calculated based on the previously offline-measured temperature and hematocrit values.
The data corresponded to 20 patients with valvular heart disease who had undergone elective cardiac surgery with CPB at Hiroshima University Hospital over a period of nine months (June 2014 to February 2015). The attributes of the patients are listed in Table 2 . The CPB circuit and procedures described in Sections II-A and D were used for all the patients.
After the start of the CPB process, the blood temperature was recorded during three periods, which were chosen to represent the three thermal phases of CPB (i.e., before cooling, during stable hypothermia, and after rewarming): after the establishment of total CPB, after the aortic crossclamping process, and after declamping. At the same time, blood samples were collected from the circuit, and the η value and hematocrit were measured using a torsional oscillation viscometer (VISCOMATE VM-10A; Sekonic Co. Ltd., Tokyo, Japan) and MEK-6500 hematology analyzer, respectively. This viscometer can measure the dynamic viscosity by sensing the changes in the amplitude of the oscillations in a liquid-immersed detector, based on a constant input voltage [30] . The test sample was immediately placed in the sample cup, and the measurements were performed under static conditions. The temperature was monitored during each η measurement using sample cups placed in a water bath equilibrated to 36 • C, and the η value was recorded 10 s after the start of the measurement process.
Next, for comparison, η was plotted against the predicted η 0 . In addition, the systematic errors as well as the discrepancy between η 0 and η were assessed through a Bland-Altman analysis performed on the 60 data points (three periods for each of the n = 20 clinical cases).
III. RESULTS

A. ANALYSIS OF PRESSURE-AND FLOW-BASED INSTANTANEOUS VISCOSITY, HEMATOCRIT, AND TEMPERATURE DATA
The total number of datapoints corresponding to the 40 patients was 54,677. Of these, 5,978 datapoints after starting the measurement were excluded because of the poor calibration accuracy of the CDI-500 system. In addition, 416 datapoints were excluded because their corresponding reliability index, ε(τ ), was low (≤0.98). This was because of aortic cross-clamping or declamping, and these datapoints accounted for 0.8% of the total datapoints. The number of datapoints excluded because of the blood flow level was 0.5 L/min or lower was 2,362; these accounted for 5.9 ± 2.3 min on average. Thus, the number of datapoints obtained from the 40 patients and used in the analysis was 45,921 (84% of the total number of datapoints). Fig. 2 shows the histograms for the hematocrit, blood temperature, and blood viscosity, η e . The results of the multiple linear regression analysis showed that there was a significant correlation between the blood viscosity, hematocrit and temperature, with R 2 = 0.71, and p < 0.0001 (see Table 3 (n = 45,921)). Table 4 compares the patients characteristics in the event and nonevent groups. Significant differences were observed between the lowest blood viscosity (η e ) and mean blood viscosity (η e ) values of these groups as well as between those of the patients who had undergone CABG and those who had not, with p < 0.05.
B. MODELING OF BLOOD VISCOSITY-TEMPERATURE RELATIONSHIP FOR EACH HEMATOCRIT LEVEL
The number of averaged datapoints from the 40 patients was 3,699. The blood viscosity−temperature relationship characteristics for the different hematocrit levels are shown in Table 5 . Linear analysis showed that, at every hematocrit level, there was a high degree of correlation between these two parameters, with the slope of the corresponding curve being steeper at higher hematocrit levels. Some of the relationships corresponding to the characteristics in Table 5 are plotted in Fig. 3. Moreover, Fig. 4 shows the linear fitted curves for slope A and the hematocrit and intercept B and the hematocrit in (4), which represents the blood viscosity−temperature relationship. The correlation coefficient as determined from the linear approximation was 0.97 in the case of slope A and 0.98 in the case of intercept B, indicating that both parameters showed strong correlations with the hematocrit. The parameters used for predicting η 0 from Ht and T were derived from the linear approximation curves that are listed in Table 6 . Fig. 5 shows the correlation between η 0 and η e as determined through a LOOCV analysis. The linear regression of η 0 and η e yielded a line with a slope of approximately 1 and a y-intercept of 0, indicating a high degree of correlation between the two parameters, with R 2 = 0.74 and p < 0.0001. Fig. 6 is the Bland-Altman analysis, which shows that the mean bias was -0.016 mPa·s, standard deviation was 0.123 mPa·s, limits of agreement were -0.257 mPa·s to 0.225 mPa·s, and error was 12.1%. No fixed bias was observed, whereas a significant proportional bias existed (r = 0.18, p < 0.0001). However, it did present a small-sized effect (r = 0.18).
C. COMPARISON OF PRESSURE-AND FLOW-BASED INSTANTANEOUS VISCOSITY, HEMATOCRIT, AND TEMPERATURE DATA
D. VALIDATION OF PREDICTION ACCURACY
A comparison of η 0 and η is shown in Fig. 7 . These two parameters also showed a high degree of correlation, with R 2 = 0.69, and p < 0.0001. Fig. 8 shows a result of the Bland-Altman analysis indicating a mean bias of 0.02 mPa·s, standard deviation of 0.081 mPa·s, limits of agreement of -0.139 mPa·s to 0.179 mPa·s, and error of 8.4%. Further, in this case, there was no fixed or proportion bias (r = 0.03, p = 0.84). VOLUME 8, 2020 
IV. DISCUSSION
In this study, we proposed a hematocrit-and temperaturebased model of blood viscosity as well as a method for online prediction of the blood viscosity during CPB. The proposed model was validated using clinical CPB data from 40 patients with different backgrounds. The hematocrit levels were 14−37% and blood temperatures were 21−38 • C. The hematocrit values exhibited a bell-shaped distribution with a single peak corresponding to a frequency of 25%. The distribution of the blood temperature exhibited a peak in the Bland-Altman plot comparing hematocrit-and temperature-based normal predicted viscosity (η 0 ) and offline-measured viscosity (η). Solid line denotes bias (mean of difference) and dashed lines denotes 95% limits of agreement (difference of two standard deviations). Red solid line represents the approximate straight line of the difference between η 0 and η and the mean of η 0 and η. 33−37 • C range. Further, the range of blood viscosity, η e , was 1.4−3.5 mPa·s, and its distribution was centered in the 1.8−2.3 mPa·s range.
Unfortunately, three of the patients experienced postoperative events. It was important to know whether these events were related to their blood viscosity, to derive the parameters for predicting the normal blood viscosity based on the hematocrit and blood temperature. Further, significant differences were observed between the event and nonevent groups with respect to the lowest blood viscosity and mean blood viscosity. However, the event group exhibited lower blood viscosity than that of the nonevent group and did not have high blood viscosity as a risk factor. Previous studies on CABG have identified the independent predictors of stroke in relation to the atherosclerosis of the ascending aorta [31] - [33] . The atherosclerosis of the ascending aorta results in an increase in the risk of microembolisms; this is because of the cannulation and cross-clamping procedures performed on the ascending aorta [34] . In this study, the CABG patients included in the event group were more likely to have splattered atherosclerotic debris because of the surgical procedure. Nevertheless, increased local blood flow owing to low blood viscosity may lead to a higher cerebral embolic load. Therefore, the relationship between the blood viscosity during CPB and any postoperative complications that arise must be investigated in the future.
The results of the multiple linear regression analysis suggested that both the hematocrit and blood temperature are significant predictors of the blood viscosity. The normal blood viscosity is determined by the hematocrit and blood temperature and, to a lesser extent, the plasma viscosity [3] , while abnormal blood viscosity is induced by other phenomena related to CPB that may affect perfusion, such as hypercoagulability and deformation and aggregation of the RBCs [18] , [35] , [36] . Whereas these phenomena can have serious consequences, they are a rare occurrence [37] . In addition, it is known that CABG patients have, on average, higher levels of fibrinogen, which is a major determinant of the plasma viscosity [38] . We neither observed clot formation nor RBC agglutination in the devices comprising the CPB circuit for any of the patients. Furthermore, the four patients who underwent combined CABG did not have especially high viscosities.
The blood viscosity−temperature relationship was investigated for each hematocrit level. The curves, which are plotted in Fig. 3 , indicated that, as the temperature decreases from 37 to 27 • C, the blood viscosity increases by a factor of 1.2 when the hematocrit is 20%, by a factor of 1.3 when the hematocrit is 26%, and by a factor of 1.5 when the hematocrit is 32%. According to a previous report by Rand et al. [3] , the blood viscosity increases by approximately 1.2-to 1.35-fold when the normal body temperature decreases by 10 • C. In addition, the results of this study were generally consistent with those of a previous report that found that the effect of the temperature on the blood viscosity becomes more pronounced at higher hematocrit levels [3] .
Although the linear regression curves for all the hematocrit levels showed some variations in terms of the coefficients of determination (lowest R 2 = 0.52, highest R 2 = 0.87), overall, they were better than the multiple regression model; i.e., the average coefficient of determination was higher. For this reason, the normal blood viscosity prediction method was derived as a nonlinear model using the blood viscosity−temperature relationships for different hematocrit levels, and the values of the four parameters in Eq. (4) were determined. Incidentally, the relationships corresponding to the hematocrit levels lower than 18% and higher than 33%
were not used to derive the parameters, as the number of corresponding samples was small. Nevertheless, the suitability of the proposed model for predicting the viscosity was confirmed by an LOOCV analysis.
Because determining the η e value using our previously developed system [27] is the only method of performing continuous blood viscosity measurements during CPB, the algorithm for predicting η 0 was derived while assuming η e to be the actual viscosity. Thus, in order to validate the prediction accuracy of η 0 as calculated using the parameters derived based on the estimated value, we compared it with the viscosity measured offline, η, which is the true value determined using the torsional oscillatory viscometer. The results showed that the degree of correlation between η 0 and η was similar to that between η 0 and η e , with the accuracy also being high.
It is known that the blood viscosity can be predicted offline based on the relationship between the hematocrit and blood temperature. Eckmann et al. derived a mathematical expression for accurately predicting blood viscosity based on variables that describe the independent effects of the hematocrit, temperature, shear rate, and diluent on the blood viscosity [4] . However, we focused on being able to make continuous and online predictions of the blood viscosity during CPB. The primary advantage of the proposed online prediction method is that it allows one to monitor the normal blood viscosity based only on the hematocrit and blood temperature, and the effects of thrombus or the deformation and aggregation of the RBCs can be ignored. In contrast, η e calculated with (1) using the pressure and flow data is the actual blood flow under conditions corresponding to the perfusion of the oxygenator. In the present study, we found that the two online blood viscosity monitoring methods, which are based on different principles, are comparable. Based on these findings, by continuously monitoring the ratio of η 0 to η e , the abnormal blood viscosity levels can be evaluated while considering the effects of the hematocrit and blood temperature. In other words, a η 0 /η e ratio of 1 would indicate the normal state, whereas deviations from it would indicate an abnormal state. For example, 0 < η 0 /η e ≤ 1 may indicate an increase in the blood viscosity because of changes in the shapes of the erythrocytes.
However, we would like to make a note on the study limitations. The viscosity distributions were not normal because the proportion of hypothermia CPB cases with a body temperature of 25 • C was small. Further, the risk factors for cardiovascular and cerebrovascular events considered in this analysis were not accurately examined, given the small study size. Large-scale studies involving an analysis of the risk factors for stroke after cardiac surgery have suggested that independent risk factors such as age, history of cerebrovascular disease, urgency of operation, CPB duration of more than 2 h, high transfusion requirement, and mean arterial pressure during CPB should be considered [33] , [39] , [40] . Additional clinical trials are required to elucidate the risk factors related to complications in a larger population while using the blood viscosity as a risk predictor. Although the blood viscosity characteristics dependent on the hematocrit and blood temperature reported in the present paper corresponded to a typical CPB procedure, the deep hypothermic circulatory arrest procedures used during thoracic aortic surgery decrease the blood temperature as the body temperature is lower than 20 • C. At hematocrit levels of 45% or lower, the blood viscosity changes almost linearly, whereas it increases exponentially at higher hematocrit levels [3] . Therefore, the proposed blood viscosity prediction method may not be applicable in the case of CPB procedures performed at body temperatures lower than 20 • C and hematocrit levels higher than 40%. Therefore, future investigations covering a wide range of hematocrit and blood temperature levels must be performed to demonstrate accurate predictions using nonlinear models.
V. CONCLUSION
In this study, we proposed and evaluated a model for online prediction of the normal blood viscosity during CPB based on the blood viscosity characteristics that are dependent on the hematocrit and blood temperature. First, using continuous clinical CPB data, we showed the blood viscositytemperature relationship characteristics for each hematocrit level with a linear curve. Next, we formulated a characteristic equation that approximates normal blood viscosity from hematocrit and blood temperature data that can be obtained online. Finally, the hematocrit-and temperature-based normal viscosity predicted using the proposed model was determined to be congruent with that estimated based on the pressure and flow characteristics of the oxygenator as well as that measured offline using a conventional viscometer. Based on these results, application of the proposed model to further investigations should aid in the determination of the causes for the increases observed in blood viscosity during CPB and further assist in the management of clinical perfusion.
